Objective: Continued follow-up of the Fontan population group is mandatory in order to evaluate the best approach for long term treatment. We studied exercise capacity and survival in patients with either right atrial to right ventricular (Fontan-Bjoerk, RA-RV) anastomosis or right atrial to pulmonary artery (RA-PA) connection. Methods: Between January 1980 and December 1995 Fontan-Bjoerk modifications were performed in 73 patients with tricuspid atresia. A RA-PA anastomosis (performed either with direct atrio-pulmonary connection or with a lateral tunnel of autologous atrial tissue) was used in 118 patients with single ventricle or complex cardiac malformations. Using bicycle ergospirometry and impedance cardiography standard variables of exercise testing were measured in 15 patients with RA-RV and in 18 patients with RA-PA connection. A group of 23 healthy pupils served as controls. Results: Follow-up was complete for 97.9% (n =187) of all operated patients. Survival (% mean 9SEM) at 5, 10 and 15 years was 89.393.6, 76.89 0.6 and 63.6 910.5 for RA-RV connection and 80.2 94.0, 75.3 9 4.5 and 64.6910.7 for RA-PA connection (P= 0.12) respectively. Exercise capacity was tested after a median time of 6.0 (0.8 -19.8) years after Fontan operation in RA-RV and of 7.8 (4.3-18.2) years in RA-PA patients. Total work load was equal in the two Fontan groups, but it was below normal. Heart rate, respiratory rate, oxygen uptake and ventilatory equivalent for oxygen were not different between the two Fontan groups. Cardiac index and stroke volume index were consistently lower at anaerobic threshold and at maximal exercise in RA-PA patients compared with controls. Conclusion: Survival analysis between RA-RV and RA-PA Fontan connection failed to demonstrate a better outcome for patients with either Fontan modification. Although there was a tendency for RA-RV connection to adapt cardiac output more efficient to exercise compared with RA-PA patients, total work load and ventilatory equivalent was not significantly different between the two Fontan modifications. We conclude, that by incorporation of a residual subpulmonary ventricular chamber within the Fontan circulation no additional benefit for exercise capacity could be observed. © 1997 Elsevier Science B.V.
Introduction
Mid term follow-up data in patients after modified Fontan procedures demonstrated that quality of life may be compromised by a certain degree of morbidity and need for reoperation [6, 7, 9, 10] . Due to different surgical modifications to establish a Fontan pathway and to different institutional policies the results of these studies are difficult to compare. To our knowledge single institution results of mid term survival and of exercise capacity in patients with a non-valved right atrial to residual right ventricle Fontan modification (RA-RV) [2] or with a lateral tunnel of autologous atrial tissue from the right atrium to pulmonary artery (RA-PA) [8, 15] have not been published.
Patients and methods
Between January 1980 and December 1995, the following patient groups amenable for Fontan operation were identified: (1) patients with tricuspid atresia (TrA, n= 98, 51.3%), (2) patients with single ventricle (SV, n= 28, 14.7%) and (3) patients with a wide variety of complex, non correctable cardiac malformations (CCM, n=65, 34.0%). The indication for operation was given, when a significant increase of cyanosis and/ or reduction of physical capabilities was observed. In patients with tricuspid atresia a hypoplastic right ventricular chamber was included in the Fontan pathway without conduit interposition (RA-RV, n = 73) whenever possible [2] . In patients with SV or CCM either an atriopulmonary anastomosis [13] or a lateral tunnel (with autologous atrial tissue [8, 15] ) to the pulmonary artery (RA-PA, n =118) was constructed. In each patient pre-and postoperative data were extracted by reviewing the medical records and by personal contact.
Cardiopulmonary exercise testing
Each patient had to be: (1) in sinus rhythm; (2) at least 6 months post-Fontan procedure; (3) \ 130 cm tall (for use of exercise bicycle); (4) free of evidence of pathway obstruction or residual shunts and (5) free of complicating acute or chronic respiratory or other condition that might affect exercise performance. A body surface matched group of 23 healthy pupils served as controls, also gender was equally distributed. The patients' heart rate and rhythm were continuously monitored. Blood pressure was registered every minute by right or left arm auscultation. The subjects exercised on an electromagnetic bicycle. Incremental exercise with a 3 min stage protocol was used. The bicycle test was started with 1 W/kg increasing by 0.5 W/kg. Exercise continued until symptom limited maximum of voluntary effort was obtained. A heart rate above 200 beats/ min or high degree rhythm disturbances (ventricular extrasystolic beats, couplets or triplets) served as stopping criteria.
Ergospiromtry
The O 2 -uptake (VO 2 ), CO 2 -output (VCO 2 ) and respiratory exchange ratio (RER) VCO 2 -VO 2 ), were measured by an automated O 2 -and CO 2 -analyzer system (Medical Graphics Corporation, FRG). Minute ventilation (V E ) and respiratory rate (RR) were recorded by a pneumotachometer. The anaerobic threshold (AT) was determined as breakpoint of the non-linear increase in ventilation relative to increasing O 2 -uptake (VO 2 ). It was verified at that point where the ventilatory equivalent of oxygen (VE-O 2 ) increased without a corresponding increase in ventilatory equivalent for carbon dioxide (VE-CO 2 ). These collected data permitted determination of O 2 -uptake at rest, at anaerobic threshold, and at maximal effort. Work load (W/kg body weight) was determined in addition. For evaluation of the collected data the time point of anaerobic threshold was chosen since this is a reproducible and accurately measurable parameter in cardiopulmonary exercise testing.
Impedance cardiography
For measurement of cardiac output the non-invasive impedance cardiography ICG-M401 Vv 3.3 ASK (ASK, Budapest, Hungary) was selected. This method determines stroke volume (SV) by using changes in electrical conductivity of the thorax, where changes of volume and velocity of blood flow occur [11, 19] . At each exercise step impedance cardiography measurements were performed in one minute intervals. This method has been tested by us [11] and others [19] , giving reproducible and reliable numbers of cardiac output as compared with thermodilution.
Statistics
The SPSS R (Rel.: 6.1.2) program was used for all calculation. Data are presented as mean9 S.E.M., median and range are shown as indicated. Actuarial survival analysis was done using the Kaplan-Meier method (log-rank test), the survival calculations beginning at the end of extracorporal circulation. Patients who underwent a takedown of the Fontan circulation (n=4) were censored at the time of reoperation. Differences for normal distributed variables between patient groups and control subjects were analyzed with ANOVA using Bonferroni-correction for post-hoc comparisons. For skewly distributed variables (age, Fontan-circulation, work-load, cardiac index etc.) the Kruskal-Wallis-H test was used. For categorial data the 2 -test was used. The null hypothesis was rejected when PB 0.05. All ergospirometric and impedance cardiographic traces were checked visually for artefacts. Data of control subjects were used to derive means for all parameters tested. Resting values were determined from the average of at least five measurements. During exercise data were gathered in a one minute interval.
Results
A group of 15 patients (median age 16.0 (11-29) years; median time after Fontan operation 6.0 (0.8-19.8) years, mean body surface area 1.50 9 0.25 m 2 ; 47.0% female) with RA-RV anastomosis and of 18 patients (median age 16.0 (8-24) years; median time 
Exercise tolerance
The total work (Table 2 ; Fig. 3a ) performed was 7.69 0.9 W × min (29.2 9 9.0%) of the predicted value in the RA-RV group and 10.5 9 1.0 W × min (40.4 9 9.5%) in the RA-PA group (PB0.0001). The anaerobic threshold (Table 2 ) was reached at 1.19 0.1 W/kg (61.19 9.0%) in the RA-RV patients and at 1.490.1 W/kg (77.8 97.1%) in RA-PA patients compared with controls (PB 0.0001). The anaerobic threshold was not different within the two patient groups.
Sinus rhythm was seen throughout exercise. All subjects stopped their exercise test by exhaustion. No heart rhythm disturbances could be observed, that would have fulfilled stopping criteria. Mean heart rate ( Table  2 ; Fig. 3b ) at rest was 90.5 9 3.0% of the predicted value in the RA-RV group and 87.49 4.1% in the RA-PA group. At each exercise step heart rate in the Fontan group was reduced compared with controls.
Mean cardiac index (Table 2 ; Fig. 3b ) at rest was 86.59 6.3% of the predicted value in the RA-RV group and 77.399.1% in the RA-PA group (P = 0.001; RA-PA vs. controls). At anaerobic threshold the cardiac index was reduced in the RA-RV Fontan group (79.79 7.3%) and in the RA-PA patients (69.6 9 9.8%). Stroke volume index at rest and during exercise was reduced in the Fontan group compared with controls. Cardiac index and stroke volume index in RA-PA patients was significantly reduced, but not for RA-RV patients (Table 2 ; Fig. 3b) .
Correlation of cardiac index and oxygen uptake at anaerobic threshold. As seen in Fig. 2 control subjects showed a significantly (PB 0.001) positive correlation (y= 2.77+ 0.18x, r= 0.76) between cardiac index and oxygen uptake, which is the normal response. Fontan patients did not show this correlation (P= 0.66, y = 4.97+ 0.02x, r= 0.08). At this exercise step their ventilation was excessive for the level of oxygen uptake, as reflected by the elevated ventilatory equivalent for oxygen (VE-0 2 ) and carbon dioxide (VE-CO 2 ). No difference between the two Fontan groups could be seen at anaerobic threshold (Table 2) .
Before starting exercise respiratory rate (Table 2 ; Fig.  3a) in Fontan patients was similar to the controls. At anaerobic threshold respiratory rate slightly increased in the Fontan patients, but without reaching significance (P= 0.65) being 103.09 5.2% and 105.794.5% for RA-RV and RA-PA Fontan patients, respectively.
Discussion
In patients with tricuspid atresia (TrA) a non-valved right atrial to residual right ventricle (RA-RV) Fontan modification [2] was used in our institution whenever the infundibular chamber was about 30% of a normal after Fontan operation 7.8 (4.3 -18.2) years; mean body surface area 1.479 0.3 m 2 ; 33.3% female) with a RA-PA connection underwent bicycle exercise testing. This group of patients may represent -at least partly -the whole Fontan population seen in our hospital, since important pre-Fontan variables (e.g. diagnosis, age at Fontan operation, mean pulmonary resistance and mean pulmonary artery pressure) were not different at the time of Fontan operation (Table 1) (Fig. 1) . Fig. 1 . The overall survival after RA-RV-(--, n = 73) and RA-PA (----, n=114) Fontan operation at our institution is displayed. c Indicates number of patients at risk. right ventricle [12] . Theoretically this Fontan modification offers advantages by preserving pulsatile pulmonary blood flow and pulmonary valve. Also an increased cardiac output by incorporation of a subpulmonary ventricular chamber in the Fontan pathway was postulated [4] . In patients with single ventricle (SV) or complex cardiac malformations (CCM) a lateral tunnel of either autologous atrial tissue from the right atrium to pulmonary artery (RA-PA) [8, 15] was constructed. In 1992 we reported [20] a significantly improved overall 10 year survival in the RA-RV group as compared with the RA-PA group. The present evaluation however showed survival not being significantly different between both Fontan modifications. Taking into account the different time periods and the various Fontan pathways analyzed these results are comparable with recently published data from other centers [7] . Beside survival analysis evaluation of different Fontan modifications should also include studies on exercise capacity. A randomised study comparing different treatment approaches would be ideal, but not practical. The exercised patients of the present study may represent-at least partly-the Fontan population seen at our institution, since important pre-Fontan variables (Table 1) were not significantly different compared with the entire Fontan population.
Sur6i6al analysis
Although many of the Fontan patients' individual data were in the normal range at rest, when exercised total work load ( Table 2 ; Fig. 3a ) ranged between 29.0 and 40.4% of predicted. Also the anaerobic threshold Fig. 2 . The correlation of cardiac index and oxygen uptake at anaerobic threshold in control subjects () and Fontan patients () are displayed. Control subjects (…) showed a significant (PB 0.001) positive correlation between oxygen uptake and cardiac index. Fontan patients (--) were not able to follow this. Fig. 3 . The absolute data (mean 9 S.E.M.) for cardirespirotory exercise variables at rest, anaerobic threshold and maximal effort are displayed. For statistical analysis see Table 2 . i, controls (n = 23); , RA-RV (n = 15); a, RA-PA patients (n =18).
after both Fontan procedures was significantly less compared with controls (Table 2 ). This reduced exercise capacity after Fontan operation was obtained also in other recent studies [6, 9, 14, 16, 21] with similar ranges of the predicted values. Rhodes and colleagues in 1990 [16] compared the exercise capacity in patients with valved RA-RV-conduits against patients with a direct atrio-pulmonary Fontan anastomosis and no statistically significant difference could be observed. Ben Shacher and colleagues described Fontan patients with valved RA-PA or RA-RV conduits developing significant gradients across their conduits during exercise, even if little or no gradients were present at rest [18] . We hypothesised for the present study, that a nonvalved right atrial to right ventricle Fontan modification would increase exercise performance. Yet, although cardiac index and stroke volume index at anaerobic threshold and at maximal exercise were not statistically different between RA-RV and controls, total work load for both Fontan groups was only 30.0-40.0% of predicted. Also the ventilatory equivalent for oxygen at anaerobic threshold was similar increased by 30% for both Fontan groups, indicating that all Fontan patients had to force their ventilatory capacity more vigorously than controls.
In patients with right atrial to right ventricle anastomosis, the left ventricle typically shares a common septum with a small, ventriculotomy scarred chamber that invariably has elevated diastolic pressures. Subsequent right-to-left diastolic bowing of the interventricu-lar septum may cause decreased left ventricular diastolic compliance and increased left ventricular filling pressures [1] . These pathologies would tend to impede pulmonary blood flow, particularly in a Fontan patient. Furthermore, this effect would be enhanced during exercise, because in Fontan patients right sided pressures rise with exercise [18] . Hence the beneficial hemodynamic effects of right ventricular systolic function may be counterbalanced by the right ventricles' negative impact on left ventricular compliance.
Postoperative catheterization studies emphasised the limited functional capacity of the right ventricle in Fontan patients. Coles and colleagues [5] found that the right ventricle of patients with RA-RV valved conduit connections did perform some mechanical work at rest, the absolute magnitude of the work was small, resulting in a mean pulmonary artery pressure that exceeded mean right atrial pressure by only 3.6 mmHg, a pressure step-up far below the amount achieved by normal resting right ventricle. These findings suggest that the intrinsically hypoplastic right ventricle of tricuspid atresia, though able to perfuse the pulmonary circulation at rest, does not have sufficient power to approximate the active vigorous pumping function of a normal right ventricle during exercise.
Thus the above mentioned theoretic advantages of the Fontan-Bjoerk modification may not hold true. According to our data and experience it seems justified to apply the more recent concept of the total cavo pulmonary anastomosis (TCPA) [3] in such patients. Interestingly, recently published data by Rosenthal and colleagues [17] could demonstrate a more efficient circulation at exercise levels relevant to ordinary daily life in the TCPA Fontan patients. This advantage may be lost with even minor pathway obstruction because of the lower mechanical reserve in TCPA group compared with patients with atrio-pulmonary anastomosis, since the respiratory rate was significantly increased in this patient group. A similar behaviour of the respiratory rate -although not significantly -could be observed in our RA-PA Fontan patients.
In summary Kaplan-Meier survival analysis after modified Fontan operation revealed similar data for patients with TrA and the Fontan-Bjoerk compared with patients with SV or CCM and the lateral tunnel approach. Comparison of cardiopulmonary function in either RA-RV and RA-PA Fontan procedures indicated that both groups had a significantly reduced exercise performance compared with controls. The theoretical benefit expected to result from a non-valved connection between the right atrium to an active rightsided pumping chamber within the Fontan circulation was not demonstrable neither for mid-term survival analysis nor for exercise capacity.
